In the present study, low-cycle fatigue (LCF) tests and oxidation tests in controlled atmospheres are carried out at 800 ºC on two ductile cast irons SiMo51 and SiMo1000. The LCF tests are conducted in argon and synthetic exhaust gas, whereas oxidation tests are carried out in the latter atmosphere. S-N curves and weight-gain curves are presented. The crack growth mechanisms and oxidation mechanisms are investigated, as well as the synergetic effects. A surprising finding of increased fatigue resistance in oxidizing atmosphere is partly explained.
Introduction
The exhaust gas temperature of heavy-duty diesel engines has increased substantially during the last decade due to improved fuel efficiency and increased specific power output [1] . The ongoing development of gas-driven Otto engines for heavy-duty vehicles and the use of bio-fuels will further increase the exhaust-gas temperature and render the gas composition more corrosive. Higher demands will thus be put on both heat-and corrosion resistance of the exhaust manifolds. Besides high-temperature and corrosive working condition, the material is also subject to thermal cycling caused by daily operation of the engine. Overall, the working environment for materials used in exhaust manifolds has been quickly becoming more and more demanding. The material used in current exhaust manifolds is a ferritic ductile cast iron called SiMo51, which is designed to serve under 800°C and is now working close to its upper temperature limit. One candidate material for higher temperature applications is the newly developed ferritic cast iron SiMo1000 [2] . Whereas due to the limitation and uncertainty of available test data, it is currently difficult to estimate its fatigue resistance under true service condition.
Although F. Tholence has comprehensively studied varied oxidation behavior and kinetics of similar materials in different oxidative atmospheres [3, 4] , the result cannot be directly used as references since atmospheres that do not produce significant corrosion attack on unstressed samples may substantially increase the crack growth rate [5, 6] . As a conclusion, S. Floreen [5] points out that ''conventional high-temperature corrosion tests may not be useful predicting service performance of stressed components.'' Therefore, other than separately evaluating the impact of fatigue and corrosion on the life time, it is more necessary to test the fatigue performance of the materials in real working atmospheres. Previous studies of these kinds of tests are mainly focused on Ni-based alloys which are typically used in aerospace applications [7] [8] [9] [10] and are very limited in exhaust manifolds application due to the high cost of relative facilities. In this study, high-temperature low-cycle fatigue tests in synthetic exhaust gas are performed to simulate a more real working condition. To better understand the independent effect of fatigue and corrosion as well as their synergetic effect on the life time, LCF tests are conducted in both argon and synthetic exhaust gas, in addition, oxidation tests are performed in synthetic exhaust gas.
Method and Experimental Procedures

Materials
The tested SiMo51 alloy was supplied by Casting P.L.C and SiMo1000 by Georg Fischer Eisenguss GmbH. The chemical composition of the obtained ingots is shown in Table 1 . Compared with SiMo51, SiMo1000 has high aluminum content, which is expected to give improved corrosion resistance, but it has also less silicon content which is expected to give the opposite effect. Hence, the relative oxidation resistance of the materials must be tested for each type of gas exposure. The microstructure of SiMo51 shows a ferritic matrix with spheroidal graphite. In contrast, SiMo1000 also includes a substantial amount of compacted graphite. In both materials molybdenum carbides form in the ferritic grain boundaries.
LCF-tests
The geometry of LCF test specimens is shown in Fig.1a . To remove machining defects from the surface of the LCF specimens, the gauge length part of every specimen was successively ground during rotation with p320, p600 and p1200 wet grinding papers. Later, they were ultrasonically cleaned in both acetone and ethanol for 15 minutes each to remove machining oil and dried with compressed air. Clean samples were stored in desiccators before testing. Low cycle fatigue tests in two different atmospheres were conducted at 800°C using the test apparatus shown in Fig.1b . The tests were performed symmetrically (R=-1) with a frequency of 0.03Hz. The reaction chamber is built by two ceramic plates with one quartz tube installed between them. Two rubber sealings are installed in the machined grooves in the ceramic plates to make the chamber gas tight. Gases are pre-mixed and heated before injected into the chamber, an oxygen probe is installed on the outlet gas pipe to ascertain a gas tight condition. An induction coil installed outside the gas chamber heats the test specimen with the produced induction field. Real-time temperature is captured by an S type thermocouple welded to the middle of gage length of the test specimen. Cyclic loading is realized by position control of the lower grip, which means the upper grip is locked during one test, and the lower grip is controlled to move to a certain position with constant speed periodically. After each test, the peak tensile stress in every cycle is extracted and plotted against the number of cycles. Fatigue life of each test is picked when a 10% load drop reaches after a steady stress state, and average stress is obtained at half fatigue life.
The test atmospheres were argon, with 1% hydrogen added to suppress oxidation capacity, and synthetic exhaust gas with the composition 5%O2+10%CO2+5%H2O+1ppmSO2+N2. The gas flow rate was kept at 110mln/min for both atmospheres.
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The gage length parts of the tested specimens were embedded in bakelite and ground until cross-sections of the cracks were received. Micro features and composition of the cross-sections were later captured by a Scanning Electron Microscope (SEM) equipped with an Energy Dispersive X-ray Detector (EDX).
Oxidation tests
Eighteen cubic samples, approximately 25x20x5mm of each material were cut from the same ingots as the LCF test specimens and used for isothermal oxidation tests in synthetic exhaust gas. To better compare the results from the oxidation tests with the oxidation during the LCF tests, the temperature, gas composition and gas flow rate were kept exactly the same as in the LCF tests. Furthermore, the test times (1.5 h, 4 h, 8 h, 16 h, 40 h, and 160 h) were chosen to be comparable with the five approximate LCF test times. Oxidation samples were inserted and removed from the furnace kept at 800°C.
Results and Discussion
LCF-test results
Using the data obtained from LCF-tests of the two materials in different atmospheres, stress vs. fatigue-life curves (S-N curves) were plotted. By comparing the curves of the same material in different atmospheres, the effect of corrosion on fatigue life was evaluated. By comparing the curves of different materials in the same atmosphere, the difference in material performance was evaluated. Fig.2a shows the S-N curves of SiMo51 in different atmospheres. Contrary to our assumption, the material has higher fatigue strength in exhaust atmosphere than in argon. The fatigue strength at 15.000 cycles, for instance, is around 26 MPa in exhaust gas compared with about 19 MPa in argon. Thus, the fatigue strength is increased about 36% when exposed to an oxidizing atmosphere compared with an inert one. It is also noticed that when the material is tested at higher stress, the difference between the two curves disappears, meaning that the atmospheric effect is only important for longer exposure times. The S-N curves for SiMo1000, Fig.2b , show the same behavior as for SiMo51. The fatigue strength at 15.000 cycles is increased from about 25 to 33 MPa, i.e. by 32% when changing the atmosphere from argon to exhaust gas whereas no effect is seen at high stresses, i.e. for low exposure times.
As one of the main objective of this project is to compare the performance of SiMo1000 with SiMo51, it's of great interest to compare the S-N curves of these two materials in the same atmosphere, which is done in Fig.3a and b . As can be seen, in both atmospheres, the S-N curves of the two materials are almost parallel to each other. For SiMo51 and SiMo1000, the fatigue strength values at 15.000 cycles are about 26 and 33 MPa in exhaust atmosphere, and about 19 and 25 MPa in argon, respectively. Thus, SiMo1000 shows a fatigue strength about 27-31% higher than SiMo51. To better understand the crack growth mechanisms in different atmospheres, characterization of the cross-section of tested LCF samples were conducted. Unfortunately, it was found that the obtained SiMo1000 material did not have a uniform graphite morphology. Instead, two zones with different graphite shapes were present, even in the same test sample, as shown in Fig.4 . Naturally, it is believed that the zones with flake-and temper graphite will significantly reduce the fatigue life of this material.
Fig.4. Different graphite morphologies in SiMo1000.
As expected, the crack growth mechanism of SiMo1000 in argon atmosphere is dominated by linking of nearby graphite. In Fig.5a , it is seen how crack grows from one side of a flake to the other by delaminating the graphite and matrix material, then it goes a short distance in the matrix material to another graphite. In Fig.5b , although the graphite shape is completely different from what is shown in Fig.5a , the mechanism is the same. In exhaust atmosphere, different from what is observed on the samples tested in argon, a deep decarburized zone is found under the sample surface. Closer inspection reveals that the crack is surrounded by oxide layers but the crack tip appears unaffected by the atmosphere. The crack growth shows the same mechanism as in argon, growing from flake to flake and no oxide layers are found around the crack tip as shown in Fig. 6 .
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The crack growth mechanism of SiMo51 in argon at 800°C is quite similar to what has earlier been found at 700°C [1] , the crack grows from graphite nodule to nodule as shown in Fig.7a , and there are many small branches formed on the graphite matrix boundary as shown in Fig.7b.   Fig.7 . Crack growth of SiMo51 in argon atmosphere.
In exhaust atmosphere, the crack growth of SiMo51 is significantly affected by the atmosphere. As shown in Fig.8 the cracks still grow from nodule to nodule, but with an important difference that oxide layers are always found in front of the crack tips. It is also important to note that different from SiMo1000, there is no deep decarburization zone near the surface in SiMo51 when tested in exhaust atmosphere, instead, thick oxide layers formed on the sample surface. 
Oxidation test results
The oxidation curves of the two materials are plotted as net mass change versus test time as shown in Fig.9 . Each point in the figure is obtained by calculating the average value from three repeated tests, and the error-bars show the standard deviation. It is found that the results of the two materials are quite different. SiMo51 has a slow mass increase over time, whereas SiMo1000 has a mass decrease over time with a relatively high speed. Fig.9 . Oxidation test results of SiMo51 and SiMo1000 at 800°C in synthetic exhaust gas.
To find the reason for the negative weight change of SiMo1000, the cross-sections of the oxidation test samples were characterized. Fig.19a and b show the 16h and 160h samples, respectively. It can be noticed that the graphite shape differs a lot in the two samples although they come from the same plate. It is found that the decarburization depth increases from about 300 to about 1000 micrometers when the time is increased from 16 to 160h. Another important feature to be noticed is that the oxidized graphite nodules have not been replaced with oxides. Instead, empty pits are found. EDX characterization shows the presence of thin aluminum oxides in the pits, Fig. 11 . The compact aluminum oxide protects the material from being further corroded. Thus, the negative weight change of SiMo1000 can be explained by the weight loss of graphite being much higher than the weight gain by forming aluminum oxides. Fig.11 . EDX mapping of the decarburization layer in the SiMo1000 sample exposed to synthetic exhaust gas at 800°C for 160h.
Different from the oxidation behavior of SiMo1000, no deep decarburization zone is found in SiMo51 as can be seen from Fig.12a showing the cross-section of the 160h test sample in exhaust
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Science and Processing of Cast Iron XI atmosphere. The difference is due to different graphite morphology [12] , decarburization is much more severe in lamellar-graphite iron than in spheroidal type. In Fig.12b , at higher magnification, it is found that the surface graphite is oxidized first, releasing the surface carbon from the material. Then, oxides fill the empty pits over time. As the oxide layer grows, it will attach to another graphite nodule deeper in the matrix and the process is repeated. This mechanism is known as oxide intrusion [11] .
Comparing with the results in section 4.1, Fig. 8 , the oxidation experiments supports the observation that the oxide layer first grows from nodule to nodule and the fatigue crack then grows in the formed oxides. Because of the formed crack, the growth of deeper lying oxides is increased. Hence, there is a synergy between oxidation and mechanical fatigue. Surprisingly, the oxidation does not reduce the fatigue life of SiMo51. Instead, it increases it. One possible explanation is that since the LCF tests were performed symmetrically (R=-1) by position control of the lower grip while locking the upper grip during one test, the formation of oxides increased the volume of surface material, which resulted in compressive stresses in the sample. The compressive stresses slowed down the fatigue crack initiation and thus improved the fatigue life of the sample. This can also explain why the environmental effect is only found when exposure time are long enough. However, this hypothesis needs to be further confirmed by running LCF test with varied R values. The increased fatigue life of SiMo1000 in exhaust gases, compared with argon is more difficult to explain as the growth mechanism is graphite-to-graphite linking in both cases without formation of deeper oxides. It appears difficult to believe that the deep decarburizing zone formed in exhaust gas should improve the fatigue strength. However, replacing graphite with voids reduces the stiffness of the material, possibly reducing the fatigue crack initiation. Admittedly, further examinations are necessary to explain the observed results. Fig.12 . Cross-section of SiMo51, exposed to synthetic exhaust gas at 800°C for 160h, shown in two magnifications.
Summary
In this paper, LCF-tests in argon and synthetic exhaust gas were conducted as well as isothermal oxidation tests in synthetic exhaust gas for SiMo51 and SiMo1000. Surprisingly, the fatigue strengths of both materials are better in the corrosive gas compared with the inert one. At 15.000 cycles the fatigue strength is increased by 32 and 36%, respectively. On the other hand, at short fatigue lives, i.e. high stresses, there are no differences between the fatigue strengths in different atmospheres. In both atmospheres, SiMo1000 generally has about 27-31% higher fatigue life at 15.000 cycles.
In argon, the crack tip advances by graphite-to-graphite linking in both materials. For SiMo51, the linking is from nodule-to-nodule with many crack branches and in SiMo1000, it is from flake-to-flake. Admittedly, the investigated SiMo1000 had non-uniform graphite morphology.
In synthetic exhaust gas, SiMo51 is oxidized by oxide intrusion. Graphite nodules, deeper and deeper in the material, are successively replaced by iron oxides. Fatigue cracks advances by growth in oxides in front of the crack tip. SiMo1000 forms a deep surface decarburized zone where the oxidized graphite is not replaced by oxides. Instead a network of voids is formed covered with a thin shell of aluminum oxides. No deep oxides form and fatigue cracks advance by graphite-to-graphite linking, as in argon.
Oxidation tests in synthetic exhaust gas show a slow weight gain of SiMo51 with time mainly because of oxidation. SiMo1000, on the other hand, shows a rapid weight decrease because of extensive surface decarburization accompanied by the formation of a thin aluminum oxides shell on the surfaces of the formed voids.
The increased fatigue life of both materials in the synthetic exhaust gas appears to be attributed to two different mechanisms. For SiMo51 the fatigue crack growth is slowed down because of compressive stresses formed by growing oxides. For SiMo1000 the slower fatigue crack growth is caused by reduced stiffness due to surface decarburization, lowering the surface stress amplitude.
